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Abstract 

Self-organization of magnetic materials is an emerging and active field. An overview of the use of self-organization 
for magnetic purposes is given, with a view to illustrate aspects that cannot be covered by lithography. A first set 
of issues concerns the quantitative study of low-dimensional magnetic phenomena (ID and OD). Such effects also 
occur in microstructured and lithographically-patterned materials but cannot be studied in these because of the 
complexity of such materials. This includes magnetic ordering, magnetic anisotropy and superparamagnetism. A 
second set of issues concerns the possibility to directly use self-organization in devices. Two sets of examples are 
given: first, how superparamagnetism can be fought by fabricating thick self-organized structures, and second, 
what new or improved functionalities can be expected from self-organized magnetic systems, like the tailoring of 
magnetic anisotropy or controlled dispersion of properties. To cite this article: O. Fruchari, C. R. Physique 6(1) 
(2005). 

Resume 

Alors que l'auto-organisation est un domaine maintenant consacre pour les semi-conducteurs, il est en emergence 
pour les materiaux magnetiques, avec une activite soutenue les cinq dernieres annees. Un panorama des contri- 
butions de l'auto-organisation au magnetisme est propose ici, avec pour but de montrer les possibilites nouvelles 
offertes, notamment par rapport a la lithographie. Une premiere categorie d'etudes concerne la mesure et la 
comprehension de phenomenes magnetiques en basse dimensionnalite, qui existent dans les materiaux applicat- 
ifs mais ne peuvent y etre etudies quantitativement du fait de leur complexite : mise en ordre magnetique, 
anisotropic magnetique, superparamagnetisme. Une seconde categorie concerne la perspective de l'utilisation di- 
recte de systemes auto-organises. Des exemples sont donnes pour combattre le superparamagnetisme en fabri- 
quant des structures auto-organisees epaisses, ou etablir des fonctionnalites nouvelles, notamment le controle de 
l'anisotropie et de la dispersion de proprietes. Pour citer cet article : O. Fruchart, C. R. Physique 6 (1) (2005). 
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1. Introduction 

It was the semiconductor community who first drew its attention on deposition processes yielding spontaneously 
nanostructures at surfaces. This alternative approach to lithography, a so-called bottom-up approach, may be 
called either self-assembly (SA) or self-organization (SO) [1]. This topic was initiated in the mid-eighties with 
the prospect of fabricating high- efficiency lasers with quantum dots [2,3] and is still a hot topic today [4], with 
however modified prospects [5-7]. The first demonstrations of SA and SO for magnetic materials date back to 
the early nineties. The topic has become very active only in the past few years, motivating the present overview 
of the contribution of SA and SO to the advancement of magnetism. 

Mostly single-element metallic systems have been demonstrated for magnetic materials, with however recent 
reports on oxydes [8-10], metallic alloys [11] and metals on molecular templates [12]. Some publications aimed at 
showing that these growth phenomena occur for magnetic material, e.g., SO Ni, Fe and Co dots on Au(lll) [IS- 
IS], SO mono-atomic Fe stripes on Au(788) [16], SO Fe and Co dots on reconstructed N-Cu(OOl) [17,18], Ni 
stripes on Cu(110) - (2y/2 x V2)m5° - O [19], Fe dots and wires on H 2 O/Si(100)(2 x n) [20], SA Fe dots on flat 
NaCl [21]. Some other publications reported magnetic measurements in these structures, however with no specific 
purpose, e.g., for SO Co dots on Au(lll) [22], SO Fe dots and wires on facetted NaCl [23], SA TM-RE dots on 
Nb(110) [24]. Neither these growth nor magnetic studies will be reviewed here. As the field is becoming riper 
specific uses are being sought for SA and SO magnetic systems, with the question whether they might be useful 
for fundamental science and/or for applications. In other words, the question is: can one reconcile surface-science 
growth and magnetic investigations, with materials' knowledge and applications? 

The use of magnetic SA and SO can be classified into two categories. In the first category such structures are used 
to gain information about fundamental phenomena that occur in materials and systems that may be of interest for 
applications, but cannot be understood directly, because they are too complex (owing to microstructure, defects, 
size, . . . ). In this case SA-SO systems are used as objects of very high quality to serve as model systems for 
analyzing fundamental issues of magnetism, preferably to lithography or microstructured materials. The major 
investigated issues are magnetic order and thermal excitations in reduced dimension (sec. 2), the crossover from 
bulk towards single atoms for spin, orbital momentum and magnetic anisotropy energy (MAE) (sec. 3), and finally 
micromagnetism (sec. 4). These studied are of applied interest, because devices require the use of ever smaller 
nanostructures, whose properties must be understood and ultimately tailored. The second category consists in 
investigating whether SO and SA systems might be used directly for applications. One fundamental obstacle 
forbidding this is the loss of most magnetic functionalities at room temperature for very small systems due to 
thermal excitations. This motivated the development of growth processes that replicate vertically initially flat SO 
structures to increase their volume with no compromise on their lateral size (sec. 5). Also, examples are given 
were SA-SO can be used to achieve materials with specific magnetic properties (sec. 6). 

For these two categories SA or SO systems might be used, although SO generally receives more attention. For 
a broad public the order and its fascinating beauty certainly account for this. From a scientific point of view, 
an organized system is associated with a low dispersion of size and shape, and thus of physical properties. This 
benefits both to fundamental investigations because one can measure large assemblies and consider macroscopic 
measurements as the amplified signal of a single entity, and to applications were small dispersions are usually 
required, e.g., for magnetic recording media. 

Complemental information on magnetism may be found in other reviews about magnetic nanostructures [25- 
28]. Finally, notice that this manuscript does neither cover magnetic clusters fabricated by chemical routes [29] 
and their self-organization at surfaces, nor the use of pre-patterned substrates to align these clusters along certain 
features [30]. 



2. Magnetic order and thermal excitations in reduced dimension 
2.1. Ferromagnetic ordering 

Continuous ultrathin films were used in the past as model systems to study magnetic ordering in two dimen- 
sions (2D). More recently SA and SO were used to fabricate systems with reduced lateral dimensions, and thus 
study the cases of ID (stripes and wires) and 0D (dots). 

Spontaneous magnetic ordering in low dimension relies on the presence of MAE. Already in two dimensions 
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long-range magnetic ordering occurs only for the Ising model [33]. An xy system is able to order in a finite 
two-dimensional system [34], whereas a truly isotropic Heisenberg system cannot establish long-range order at 
finite temperatures [35]. The MAE also influences the values of critical exponents. The rise of spontaneous 
magnetization per unit volume M s close below Tc follows the scaling law M s oc (1 — T/Tc) 13 , with (3 w 0.125 for 
2D-Ising [33] and (3 m 0.23 for 2T)-xy [34]. These exponents have been measured in many continuous ultrathin 
films and were found to agree with theoretical predictions of the Ising or xy models, depending on the type of 
MAE, either uniaxial (perpendicular or uniaxial in-plane) or easy-in-plane [25]. 

The fabrication of ID systems by SO mostly relies on step-decoration of vicinal surfaces in the step-flow growth 
regime with sub-atomic-layer (AL) amounts of material [32, 36-4f]. The evolution from 2D towards ID was 
pioneered by Elmers et ai, who fabricated SO Fe(110) stripes on vicinal W(110) [36,37] and evidenced the 
finite-size scaling law [42] 

Tc(n)/T c (oo) oc f - (n /n) A (f) 

with A = f .03 in excellent agreement with A = f predicted for an Ising system, n is the width of the stripes 
and no the width for vanishing ordering at zero temperature, tentatively extrapolated to four atoms although 
Eq. (I) is in principle not applicable for small n. A = 1.2 ± 0.3 and no = 3 was found for SO Fe stripes on 
vicinal Pd(110) [32] (Figure lc). The temperature dependance of magnetization was also carefully measured in 
the latter case, revealing enhanced magnetization decay for decreasing width. In strictly one dimension even 
for an Ising system magnetic ordering is not predicted at finite temperature, which is consistent with no — 1. 
However hysteresis loops performed on SO Co/Pt(997) chains of monoatomic width and high uniaxial MAE, 
displayed remanence and coercivity below 15 K [43]. This apparent contradiction is easily lifted by noticing that 
ferromagnetic order can formally be defined only for systems of infinite size and under thermodynamic equilibrium. 
In experiments the length of the wires and the duration of the measurement are finite, so that single-domain states 
may occur when the correlation length exceeds the physical length of the wire and no major thermal excitation 
occurs during the measurement. Coercivity and remanence were also reported on flat finite-size dots [44,45]. 
Provided that their lateral size is smaller than all micromagnetic length scales and that the correlation length 
exceeds the dot's size, a nearly uniform magnetization state is expected. This is a so-called near single-domain 
state that behaves like a macrospin of moment A4 = M s x V were V is the volume of the system. Such dots may 
be classified as 0D as there are fully described by the degree(s) of freedom of the resulting macrospin only. 

Apart from MAE, dipolar interactions also affect ferromagnetic transition in low dimension. Positive interactions 
can stabilize ferromagnetism because of their long range, despite being much smaller in magnitude than exchange. 
The microscopic picture is the following. Exchange forces establish large blocks of parallel spins, owing to their 
strength at low range. However in low dimension these blocks may fluctuate on a large scale. The blocks can 
freeze thanks to the long range of dipolar forces, despite their small strength, because what is to be compared with 
thermal energy in the dipolar energy of large blocks, not of individual spins. This was confirmed, again on an array 
of SO Fe/W(110) stripes [31] (Figure la). In contrast with the case of non-interacting stripes [36] the signature 
of the dipolar forces here was a sharp transition of M S (T) around Tc despite a significant dispersion of stripes' 
width (see the finite-size scaling above), and the absence of relaxation even just below the freezing temperature. 
Because of the analogy with superparamagnetism, this effect was named dipolar superferromagnetism. This brings 
us naturally to the next paragraph. 
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Figure 1. (a) differentiated STM image of SO Fe/W(110) stripes with 0.5 AL coverage [31] (b) in-plane remanent magnetization 
revealing a dramatic rise of apparent Tq (in reality, Tb, see text) upon percolation of SA Fc/W(110) dots around 0.6 AL (c) finite-size 
scaling for SO Fe/Pd(110) stripes. The line is a fit with Eq. (1) [32]. 
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2.2. Superparamagnetism 



So far we have discussed experimental results in terms of a ferromagnetic transition, which is a thermody- 
namic equilibrium concept. We have thus ignored kinetic effects, that we examine here, first theoretically, then 
experimentally. 

Let us call ferromagnetic with Curie temperature Tc a system whose dimensions are all smaller than the 
correlation length for T < Tc- If a snapshot was experimentally feasible, it would reveal essentially uniform 
magnetization, with a direction lying along an easy direction of magnetization. At T > OK thermal fluctuations 
allow the system to explore its entire phase space. Thus after a lapse of time r, M. would statistically have 
overcome the energy barrier E = KV associated with a hard axis, and would have settled in another easy axis 
direction. Using a simple Arrhenius law based on the Boltzmann probability of states occupancy we have: 

r = r exp f3KV (2) 

were (3 = 1/kT and to ~ xlCP 10 s [47,48] is the so-called attempt period. Let us assume that the system is 
observed for a duration r. For T < Tb, with Tb = KV/\ks \h(t/to)] called the blocking temperature, the system 
has not switched over time r and is said to be in a blocked state. For T > Tb the system switches spontaneously 
in the interval of time r. A magnetization measurement performed over that time scale reveals zero apparent 
magnetization, although the magnitude of the microscopic moment is still A4 at any time. This is the so-called 
superparamagnetic state. Analysis of remanent-less superparamagnetic magnetization loops can be done with 
Brillouin-like functions with M as an argument and allows one to infer M. From this value V can generally 
be inferred because M s is known. Notice that owing to the high MAE of most nanosized systems, in the range 
Tb <T < 5Tb the function most fit to describe magnetization loops of magnetically-textured systems is closer to 
the Brillouin 1/2 function than to the Langevin function [44,49-51]. Using the latter leads to an overestimation 
of V by a factor 3. It is also well known that neglecting the size distribution leads to an overestimation of the 
average V [44, 51]. As a second step the measurement of Tb is sometimes used to deduce K. Let us emphasize that 
when the system's size is larger than the wall width A, magnetization reversal is not coherent. In such a case the 
volume involved in the determination of Tb is close to that of a nucleation volume [52, 53], of dimensions close to 
a wall width, not directly related to the total volume of the system. This can lead to an important overestimation 
oiK. 

A first consequence of what is said above is that Tb < Tc, and what can be measured practically in nearly all 
experiments is Tb, not Tc (notice however that attempts have been made to estimate Tc from the value of M 
inferred in the superparamagnetic regime, associated with the coherence length and then compared to the volume 
of the system [43]). This is the case of the ID system of Co/Pt(997) mono-atomic wires reported above. The 
fact that Tb < Tc was clearly illustrated in the case of in-plane magnetized Fe/W(110) dots self-assembled in the 
sub-AL range, and of lateral size 5 — 10 nm. These show an abrupt occurrence of spontaneous magnetization up 
to 190 K upon physical percolation of the dots into a film for coverage O = 0.6 AL, whereas no spontaneous mag- 
netization was observed for O = 0.58 AL, down to 115 K. This effect cannot be explained by a finite-size scaling 
of the dots, and was attributed to superparamagnetism [37] (Figure lb) . This abrupt transition was also observed 
for Co/Au(lll) SO dots ordered on a rectangular array, percolating from 0D to ID and then from ID to 2D [54]. 
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Figure 2. (a) spontaneous magnetization switching of SA Fc/Mo(110) dots (see inset) close to Tb, measured with Sp-STM [46] 
(b) Tb of SA Co rings fabricated around Pt(lll) dots (inset) determined with susceptibility measurements [44] 
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Recently small Fe/Mo(110) dots with perpendicular magnetization were magnetically imaged with spin-polarized 
STM (Sp-STM) (for the technique see [55]), revealing a blocked state below approximately 20 K [46] (Figure 2a). 
The observation of telegraph noise between two states of high magnetization confirms that the macroscopic van- 
ishing spontaneous moment is related to Tb, not to Tfc- Notice that thermal activation of single nanosized objects 
was reported before and analyzed quantitatively with, e.g., micro-SQUID, a highly precise technique [56]. Direct 
information about the measured nanostructure however was lacking, which can now be brought with nanostruc- 
tures grown at surfaces. The correlation between structure and magnetic properties is a traditional cornerstone 
of material improvement, and the same statement is expected to hold for nanomagnetism. An advantage of SA 
combined with a high-resolution direct imaging technique is that subtle changes in Tb can be associated with 
the shape of dots, more compact dots displaying a higher Tb , explained by a non-uniform magnetization reversal 
process. Systems with a strongly non-compact shape were measured, like Co rings fabricated by step-decoration 
of Pt(lll) dots (Figure 2b). 



3. Orbital moment and anisotropy, from bulk to single atoms 

In 1954 Neel predicted that symmetry breaking at the interfaces of magnetic thin films would induce an extra 
contribution to the MAE, named interface magnetic anisotropy, or Neel anisotropy. It yields a 1/i dependance of 
the total MAE density of a film with thickness t [57] . The experimental confirmation of this law was given in 1968 
[58], with the foreseen possibility to overcome dipolar energy and yield perpendicular magnetization [59]. MAE 
was then predicted to scale with the anisotropy of the orbital momentum [60] , which was checked experimentally 
on perpendicularly magnetized Au/Co/Au(lll) [61]. See Ref. [62] for a review. 

SA and SO opened the possibility to study this phenomenon quantitatively in even lower dimensions, i.e., 
the anisotropy associated with atomic edges (ID) and kinks (0D). This issue is of direct interest for applied 
nanomagnetism, as in ever smaller grains the main source of MAE will arise from surfaces, edges and kinks. A 
widely used technique is X-ray magnetic circular dichroism for its ability to separate spin from orbital momentum 
through the use of sum rules [62], and its high sensitivity, well below one atomic layer [63,64]. Pioneering work 
was done on SO Co/Au(lll) dots [65,66]. Spin and orbital momentum were recorded as a function of the dot's 
diameter L. The 1/L dependance normalized per atom was then interpreted as an edge contribution. The spin 
contribution was reported to be mostly unaffected at edges in all publications. The orbital momentum was found 
to be non-affected at edges by Koide et al., whereas an increase of orbital momentum was reported by Diirr 
et al. In this publication if one uses the relevant function for fitting superparamagnetic curves to assess the 
volume of dots, i.e., Brillouin 1/2 instead of Langevin used in the publication (see sec. 4), we can estimate the 
ratio of edge over surface atoms for each measurement. Then we deduce that edge atoms bear an extra orbital 
moment of 0.5 ± 0.2 \ib as compared to bulk Co. A rise of orbital momentum of 0.5 [ib was also determined in 
SO Fe/Au(lll) dots [67], in quantitative agreement with the value of enhanced magnetization at steps on thin 
films [68, 69]. However in this case the interpretation is more difficult owing to the transition of Fe from a high-spin 
to a low-spin phase as a function of dot's size. 

The real breakthrough came from the study of Co/Pt systems. First, the SO of Co was optimized on the 
vicinal Pt(997) surface, yielding stripes of width seven atoms for 1 AL coverage, down to mono-atomic width, 
i.e., wires [40]. Orbital momentum, its anisotropy, and the MAE could be measured as a function of the stripe 
width. The phenomenological contribution of edge atoms was then extracted [41,43]. An oscillatory behavior 
of MAE was also found [70], an effect similar to oscillatory behaviors well known in 2D. Similar studies were 
performed on small flat dots of Co/Pt (111) from one to some tens of atoms. The control of the size of the dots 
was achieved by first depositing at low temperature (15 K), where the motion of adatoms is hindered and thus 
only single atoms are found on the surface, followed by careful step-like annealings to increase the mean dot's 
size by diffusion-limited aggregation [51,64] (Notice that single atoms were first probed by XMCD prior to these 
experiments, for 3d atoms on alkali surfaces [63]). The outcome of various experiments from bulk to single atoms 
is summarized in Table 1. The orbital momentum, essentially quenched in the bulk, rises progressively above 1 \xb 
in single atoms, along with the MAE. It is found that, from the point of view of orbital momentum and MAE, a 
cluster of two atoms (a bi-atomic wire, resp.) behaves closer to a wire (a mono-atomic slab, resp.) than to a single 
atom (a mono-atomic wire, resp.) (Table 1). This reminds us that the concept of dimensionality depends on the 
magnetic property studied: two atoms is closer to a wire when orbital momentum is concerned, but is closer to a 
single atom when magnetic ordering is concerned, see sec. 2.1. 
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Table 1 

Orbital momentum and magnetic anisotropy energy (MAE) of Co atoms on Pt as a function of coordination (after [43,64]). 



bulk mono-layer bi-atomic mono-atomic two atoms single atom 
wire wire 

Orbital momentum 0.14 0.31 0.37 0.68 0.78 1.13 

(/is/at) 

MAE (meV/at) 0.04 0.14 0.34 2.0 3.4 9.2 



Model SO and SA systems like the Co/Pt structures presented above, are desirable to extract quantitatively 
fundamental properties like MAE. This knowledge being established, the question arises to what extent it can 
be used to tailor the MAE of more versatile systems suitable for applications. It is sometimes argued that the 
increase of MAE in low dimensions will help to overcome superparamagnetism. The evaluation of the energy of 
nucleation volumes (sec. 2.2) allows one to draw general trends, revealing that this is not the case. Let us assume 
that the MAE in any system is dominated by the contribution of lowest dimensionality, i.e., surface K s for films 
and edges K e for stripes. One finds that for continuous films of thickness t (D = 2) Tb is essentially independent 
of K s and Tb oc t; Concerning D = 1, for wires of more or less round section L x L, Tb oc L 3//2 , while for flat 
wires of width L, Tb oc L 3 ^. Finally for D = 0, Tb oc L 2 for compact clusters and Tb oc L for flat dots. Thus, 
in all cases a decrease of Tb is expected upon decrease of the system's size. The only hope resides in increasing 
the number of interfaces in a system of fixed size. Engineering SA to produce lateral superlattices via sequential 
deposition is a promising way. It has been demonstrated for ID single rings for magnetic materials [44, 51] (more 
generally, multiple concentric rings and lateral stripes of Ge/Si [71] were reported). This concept applies also to 
the case of spontaneously ordered lateral multilayers of FeAg and CoAg [72, 73], see sec. 6. Ultimately no strict 
borderline exists between this approach and the fabrication of high-anisotropy ordered alloys like FePt [74] or 
CoPt [11]. Tailoring the anisotropy with arrays of interfacial dislocations is another approach, as reported for 
Fe/W(001) nanostructures [75,76]. 



4. Model systems for micromagnetism 

Micromagnetism is the field of study of magnetic domains and domain walls, both statically and under magne- 
tization reversal or magnetic excitations, that typically spans in the range 50 nm— 10 fim. Lithography is then the 
most relevant fabrication technique because of its resolution and versatility [26, 78]. Nevertheless UHV-fabricated 
nanostructures have niche applications, where they are better suited: 1- specific techniques can be applied that 
require a UHV-compatible surface. This is the case of Sp-STM, that allows both the highest available magnetic 
resolution, down to the atomic level [55] , and the application of an external field of arbitrary value in any direction 
of space, which can mostly not be done with high-resolution microscopies based on electrons (SEMPA or spin- 
SEM, Lorentz, X-PEEM and SPLEEM) 2- surfaces and edges can be fabricated avoiding defects arising during 
lithography and/or etching (amorphisation, oxidation, etching or resist-related loss of resolution), thus yielding 
high-quality nanostructures for model investigations 3- UHV fabrication may be more reliable than lithography, 
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Figure 3. Micromagnetism with Sp-STM using an Fc/W(110) dot [77]. (a) overview of the flux-closure domain state, in-plane 
surface magnetization (b) out-of-plane component for zero-field (left), and in-pcrpcndicular-ficld (right, main for negative field, 
inset for positive field), (c) surface profile of the vortex core. 
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e.g., for nanometer-sized features [79] or, on the reverse, objects with a high vertical aspect ratio [80]. All these 
aspects are illustrated below. 

The core of magnetic vortices could be imaged by Sp-STM in flux-closure states [77] (Figure 3). Magnetic 
vortices had previously been detected by magnetic force microscopy in dots made by lithography [81]. However, 
UHV measurements with the high-resolution Sp-STM technique yielded the true width of the vortex core at the 
surface, 9 ± lnm for Fe(8 nm)/W(110), in good agreement with micromagnetic predictions [78]. The size of the 
core was found to expand (resp. shrink) upon application of an external field parallel (resp. antiparallel) to the 
magnetization in the core, again in good quantitative agreement with micromagnetic predictions. Another topic 
is geometrical constrictions. Bruno predicted that domain walls may be compressed in geometrical constrictions, 
because the increase of exchange energy can be overcompensated by a decrease of the length of the wall, thus 
of its total energy [82]. The shrinking of domain walls in constrictions was confirmed in SO double-layers (DLs) 
Fe/W(110) stripes, e.g., from 6nm in smooth stripes to 2nm for a constriction ~ lnm wide and long [83]. 
Going to ever smaller scale, as conventional micromagnetism is a continuum theory, it breaks down at the atomic 
level. Discrete models may be substituted, e.g., to describe extremely narrow domain walls in hard magnetic 
materials [84]. Such narrow domain walls could be imaged with Sp-STM on Fe(l AL )/W(110), revealing a width 
of 0.6 nm using the asymptote of the cosine angle, a value that may still be limited by the spatial resolution of the 
technique. In such high anisotropy materials the wall profile depends solely on exchange A and MAE K. Thus, 
based on values of K measured by techniques like ferromagnetic resonance or torque-oscillatory magnetometer 
that can be applied down to the monolayer [85], values of the exchange could be extracted. On a larger scale, 
around 100 nm, geometrically-constrained domain walls were studied in cross-paths of SA Fe/W(001) wires using 
SEMPA, revealing the arrangements for the four possible topological incoming magnetic fluxes from the four 
arms [76]. 

The above-mentioned reports concern very small length scales. Another direction of research in micromag- 
netism consists in studying ever larger systems, to try to bridge the gap between nanostructures now understood 
quantitatively, and macroscopic materials still described phenomenologically. The use of SA is justified as larger 
systems become increasingly complex, so that it is essential to study model nanostructures to avoid an extra 
interplay of extrinsic effects related to defects. Studies at zero field concern the direct observation of the tran- 
sition from the single-domain to vortex-state [86] in SA Fe/W(001) dots with a more or less square shape [87], 
more generally the evolution from single-domain to a variety of flux-closure domain states like vortex, Landau 
and diamond [78] in SA elongated Fe/W(110) dots [80, 88, 89]. Thermally-activated switching between metastable 
states was investigated in Co/Ru(0001) SA dots, namely single-domain and the so-called V-state [90]. A further 
step consists of the quantitative understanding of magnetization reversal in such multi-domain states. Nucleation 
and annihilation fields of magnetic vortices and walls were measured with a micro-SQUID in a single dot 30 nm- 
thick as a function of the in-plane direction of the external field. Discontinuities were evidenced as a function of 
angle. Such jumps are sometimes thought to result from defects. Here, they could be ascribed, with the help of 
simulations, to intrinsic bifurcations related to the direction of the external field with respect to edges [91]. Very 
few experiments are available for thicker-thus more bulk-like-dots [92] whereas such systems can now be tackled 
with simulations [93]. Such studies are now in progress, revealing features that cannot be understood with 2D 
micromagnetics only [94]. 



5. Thick self-organized systems: from surfaces to materials 

It is still unclear whether epitaxial SA or SO of magnetic systems will bring any new useful functionality. Above 
all, there exists at the moment a fundamental obstacle against their use in devices. These systems have small 
lateral dimensions and are generally one or two ALs high only, so that they have an extremely small volume. 
Thus, they do not provide enough material for applications, and most important, they are all superparamagnetic 
at room temperature [22,39,43,54,64], see sec. 3. We have discussed that the rise of MAE in low dimension is 
overbalanced by the decrease of volume, so that the issue becomes ever more acute for smaller nanostructures 
as the anisotropy barrier KV shrinks. At first sight V cannot be increased much, as for conventional deposition 
processes upon increasing the amount of material deposited percolation into a continuous film occurs [37,43, 54]. 
The key may lie in engineered growth processes that were demonstrated to yield SO nanostructures much thicker 
than atomic layers while avoiding percolation, thus significantly increasing V without compromise on the lateral 
density, see below. 
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The first process was demonstrated for SO Co/Au(lll) dots. Inspired by the vertical stacking of multilayers of 
quantum dots [96] sequential deposition of AL-fractions of Au and Co was performed. When Au just fills up the 
empty space between the Co dots, the dots from the next layer grow atop the existing dots, thereby increasing 
their height by one AL. This process is driven by immiscibility and a large lattice mismatch. Multilayers thus 
yielded pillars of height up to 8nm and diameter in the range 3 — 5nm [97,98] (Figure 4a). Magnetization is 
essentially perpendicular, Tb increases monotonically with V and could be brought up to 350 K [50]. 

Another process makes use of strain fields arising in the vicinity of atomic steps. Upon deposition of Fe on 
vicinal cc(110) (cc=Mo,W) at the temperature of layer-by-layer deposition, a smooth film is formed except above 
the buried atomic steps of cc were trenches are formed. Then, upon annealing unwetting of the substrate occurs 
in registry with the trenches, yielding an ordered array of stripes with heights up to 5nm [95] (Figure 4b). 
Magnetically soft or hard (Figure 4c) stripes were obtained by tuning the interface anisotropy. Thus the two main 
functional properties of ferromagnets could be demonstrated at room temperature, first coercivity-remanence, 
second the ability to break down into (stable) domains, whereas conventional Fe/W(110) stripes have Tc = 
179 K [31]. Reports of trenches atop buried steps on other systems [99, 100] suggest that this process might be 
quite general. 



6. Self-organization for material design 



Systems reviewed in sections 2 through 4 were used to study fundamental properties of nanosized objects. 
Concerning potential applications, SO and SA systems are more liable to be used as a whole, to achieve a material 
with specific properties, rather than for the direct use of each nanostructure independently. For instance, the 
anisotropy of continuous films can be tailored by deposition on patterned surfaces like step-bunched [101] and 
facetted [102] surfaces, on surfaces grooved in arbitrary directions after grazing- incidence ion sputtering [103], by 
shadow deposition on facetted surfaces [23, 104, 105]. 
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Figure 4. (a) STM image of a SO Co/Au(lll) system during the fabrication of pillars. Insets: Conventional SO Co/Au(lll) dots 
in the sub-AL range (left) and blocking temperature of pillars as a function of their volume [50] (right) (b) SO Fc/W/Mo(110) 
stripes, 4.3nm-thick [95] (c) magnetization loops of Fe/W(110), 5.5nm-thick, along in-plane [001]. 






400 




300 


i 


200 


1 00 


E 







-100 




-200 




-300 




jioo 



-60 40 -20 20 40 60 
H(KOe) 



(8) 



Figure 5. SO ferrimagnctic C0FC2O4 columns in a BaTiOa ferroelectric matrix, (a) plane view (b) magnetization loops performed 
at 300 K for perpendicular (shaded) and in-plane (dark) field [9]. 
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Several types of systems with tailored magnetic properties can be fabricated by SO. Concerning SO from 
the deposit, arrays of parallel nanometer-sized Fe-Ag stripes and Co-Ag stripes are formed by co-deposition on 
Mo(llO) [72]. These lateral superlattices display a high in-plane MAE along the wires, and magneto-transport 
with cpp geometry while the current flows in-the-plane [73] . The highest achieved Tb in these systems is currently 
220 K, with an in-plane anisotropy field around 0.5 T [106]. The growth of an Felr/Ir(001) lateral superlattice 
with ~ 1 nm-period was also reported [107] . We have already noticed that there exists no strict borderline 
between nanoscale superlattices fabricated by SO and layered ordered alloys of high MAE like LiO phases [74]. 
Concerning these alloys, SA can be used to lower the ordering temperature owing to enhanced adatom mobility 
along the facets of dots [11]. This initial stage of nucleation can be used to fabricate at moderate temperature 
and upon percolation a grainy continuous film, partially ordered and thus with perpendicular anisotropy, found 
below 8nm [108]. 

In sec. 5 I have not included columnar growth because no clear borderline exists between SA and continuous 
films like CoCr-based columnar recording media, where SA can indeed be used to create a proper microstruc- 
ture to adjust extrinsic properties like coercivity. Recent developments is columnar growth for oxides, e.g. 
Lao.8Sro.2MnOs/LaA103 [109] and CoFe204 ferrimagnetic columns with high perpendicular anisotropy due to 
the strain imposed by a BaTiOs ferroelectric matrix [9] (Figure 5). One order of magnitude higher density could 
be readily achieved for hard-disk media with present technology if monodisperse media were available with no 
ordering defects, motivating demonstrations for such patterns of dots, like for Co/Au(788) [45, 110]. An interest- 
ing area to follow in the future is the combination of prestructuring, e.g., using lithography, and self-assembly, an 
already ripe domain for semiconductors [111] but emerging for metals [30, 112]. This would combine the versatility 
of lithography with the model features of UHV-deposited nanostructures. 



7. Conclusion 

This manuscript proposed a short overview of the use of self-organization (SO) and self-assembly (SA) for 
magnetic purposes. The studies performed fall into two categories. In the first category SO and SA are used 
to measured and analyze quantitatively low-dimensional magnetic phenomena. Beyond fundamental knowledge, 
these phenomena occur in systems of interest for application. However, they cannot be studied directly in these 
because of their extreme complexity, in terms of distributions, defects and microstructure. Thus, the idea is 
to get fundamental knowledge from surfaces, to be used to further tailor the properties of functional materials. 
The advantages of SO and SA over lithography are twofold. First, the high surface quality and cleanness allows 
intrinsic phenomena to be recorded, and also demanding techniques such as spin-polarized scanning tunneling 
microscopy can be applied. Second, the achievable size, down to the atomic level, lies much below that of any 
existing lithography technique. Issues that were investigated and reported here are magnetic ordering in ID or 0D, 
spin and orbital momentum at edges and kinks, superparamagnetism in ID or 0D. In the second category studies 
aim at bridging the gap between surfaces and materials, i.e., at showing that SO and SA systems might be useful 
directly in devices. These include the fight against superparamagnetism, mainly by demonstrating processes for 
vertical growth of SA and SO nanostructures, and the tailoring of magnetic properties like anisotropy and the 
distribution of properties. 



Acknowledgements I am grateful to W. Wulfhekel and F. Scheurer for a critical reading of the manuscript. 



References 

[1] In the case of the spontaneous formation of nanostructures upon deposition at a surface I call SA the case were the 
nanostructures display no or only short-range positional order, and SO the case were the nanostructures display a 
positional order with at least a middle-range order, typically over at least 5-10 items. Notice that this vocabulary 
is not universaly used in the literature, and may also vary from one community to another. We will abusively use the 
acronym SO (resp. SA) to stand for different expressions like self-organization, self -organize , self -organized. 



9 



Y. ArakAWA, H. Sakaki, Multidimensional quantum well laser and temperature dependence of its threshold current, Appl. 
Phys. Lett. 40, 939-941 (1982). 

M. Asada, Y. Miyamoto, Y. Suematsu, Gain and the threshold of three dimensional quantum-box lasers, IEEE J. Quantum 
Electron. 22, 19151921 (1986). 

H. Mariette, Key parameters for the formation of self-assembled quantum dot induced by the Stranski-Krastanov 
transition: a comparison for various semiconductor systems, C. R. Physique 6 (1), 23—32 (2005). 

J. P. Reithmaier., A. Forchel, Recent advances in semiconductor quantum-dot lasers, C. R. Physique 4, 611-619 (2003). 

V. Berger, J.-M. Gerard, Sources semiconductrices de photons uniques ou de photons jumeaux pour linformation 
quantique, C. R. Physique 4, 701-713 (2003), in French. 

P. MlCHLER (Ed.), Single quantum dots : Fundamentals, applications and new concepts, Springer, Heidelberg, 2003. 

U. LiTDERS, F. Sanchez, J. Fontcuberta, Initial stages in the growth of Ill-faceted CoCr20J l clusters: mechanisms and 
strained nanometric pyramids, Appl. Phys. A 79 (1), 93-97 (2004). 

H. Zheng, J. Wang, S. E. Lofland, Z. Ma, L. Mohaddes-Ardabili, T. Zhao, L. Salamanca- Rib a, S. R. Shinde, S. B. 
Ogale, F. Bai, D. Viehland, Y. Jia, D. G. Schlom, M. Wuttig, A. Roytburd, R. Ramesh, Multiferroic BaTi03-CoFe 2 04 
nanostructures, Science 303, 661—663 (2004). 

E. Vasco, R. Dittmann, S. Karthauser, R. Waser, Early self-assembled stages in epitaxial S1RUO3 on LaAlOa, Appl. Phys. 
Lett. 82 (15), 2497 (2003). 

M. Albrecht, A. Maier, F. Treubel, M. Maret, R.. Poinsot, G. Schatz, Self-assembled magnetic nanostructures of CoPt 3 
with favoured chemical ordering, Europhys. Lett. 56 (6), 884-890 (2001). 

X. Ma, H. L. Meyerheim, J. Barthel, J. Kirschner, S. Schmitt, E. Umbach, Self-assembled magnetic nanostripes by organic 
patterning, Appl. Phys. Lett. 84 (20), 4038-4040 (2004). 

D. D. Chambliss, R. J. Wilson, S. Chiang, Nucleation of ordered Ni Islands Arrays on Au(lll) by Surface-Lattice 
Dislocations, Phys. Rev. Lett. 66 (13), 1721-1724 (1991). 

W. G. Cullen, P. N. First, Island shapes and intermixing for submonolayer nickel on Au(lll), 15420, 53-64 (1999). 

B. VOIGTLANDER, G. Meyer, N. M. Amer, Epitaxial growth of thin magnetic cobalt films on Au(lll) studied by scanning 
tunneling microscopy, Phys. Rev. B 44 (18), 10354-10357 (1991). 

S. Shiraki, H. Fujisawa, M. Nantoh, M. Kawai, Confining Barriers for Surface State Electrons Tailored by Monatomic Fe 
Rows on Vicinal Au(lll) Surfaces, Phys. Rev. Lett. 92 (9), 096102-4 (2004). 

T. M. Parker, L. K. Wilson, N. G. Condon, F. M. Leibsle, Epitaxy controlled by self- assembled nanometer- scale structure, 
Phys. Rev. B 56 (11), 6458-6461 (1997). 

S. L. Silva, C. R. Jenkins, S. M. York, F. Leibsle, Fabricating nanometer-scale Co dots and line arrays on Cu(100) surfaces, 
Appl. Phys. Lett. 76 (9), 1128-1130 (2000). 

T. Fu.IITA, Y. Okawa, K. Tanaka, STM Study of Preferencial Growth of One- Dimensional Nickel Islands on a Cu(110) — 
(2V2 x V2)R45° - O Surface, Appl. Surf. Sci. 130-132, 491-496 (1998). 

A. Kida, H. Kajiyama, S. Heike, T. Hashizume, K. Koike, Self-organized growth of Fe nanowire array on H 2 O/Si(100)(2 x n), 
Appl. Phys. Lett. 75 (4), 540-542 (1999). 

Z. Gai, B. Wu, J. P. Pierce, G. A. Farnan, D. Shu, M. Wang, Z. Zhang, J. Shen, Self-Assembly of Nanometer-Scale Magnetic 
Dots with Narrow Size Distributions on an Insulating Substrate, Phys. Rev. Lett. 89 (23), 235502/1-4 (2002). 

H. Takeshita, Y. Suzuki, H. Akinaga, W. Mizutani, K. Ando, T. Takayama, A. Itoh, K. Tanaka, Magnetization process of a 
nanometer-scale cobalt dots array formed on a reconstructed Au( 1 1 1) surface, J. Magn. Magn. Mater. 165, 38-41 (1997). 

A. Sugawara, G. G. Hembr.ee, M. R. Scheinfein, Self- organized mesoscopic magnetic structures, J. Appl. Phys. 82 (11), 
5662-5669 (1997). 

A. MoiJGIN, C. Dufour, K. Dumesnil, N. MALOUFI, P. Mangin, DyFe 2 (110) nanostructures: Morphology and magnetic 
anisotropy, Appl. Phys. Lett. 76 (11), 1449-1451 (2000). 

F. .7. Himpsel, J. E. Ortega, G. J. Mankey, R. F. Willis, Magnetic Nanostructures, Adv. Phys. 47 (4), 511-597 (1998). 

J. I. Martin, J. Nogues, K. Liu, J. L. Vicent, I. K. Schuller, Ordered magnetic nanostructures: fabrication and properties, 
J. Magn. Magn. Mater. 256, 449-501 (2003). 

R. Skomski, Nanomagnetics, J. Phys.: Cond. Mat. 15, R841-896 (2003). 

J. F. Bobo, L. Gabillet, M. Bibes, Recent advances in nanomagnetism and spin electronics, J. Phys.: Cond. Mat. 16, 
S471-S496 (2004). 

B. Chaudret, Organometallic Approach to Nanoparticles Synthesis and Self- Organization, C. R. Physique 6 (1), 117— 
131 (2005). 

R. Cheng, J. Pearson, H. F. Ding, V. Metlushko, S. D. Bader, F. Y. Fradin, D. Lil, Self-assembled epitaxial magnetic 
lateral structures on Ru: Controlling the shape and placement, Phys. Rev. B 69, 184409—1/5 (2004). 



10 



J. Hauschild, H. J. Elmers, U. Gradmann, Dipolar superferromagnetism in monolayer nanostripes of Fe(llO) on vicinal 
W(110) surfaces, Phys. Rev. B 57 (2), R677 (1998). 

D. Li, B. Roldan Cuenya, J. Pearson, S. D. Bader, W. Keune, Magnetism of step -decorated Fe on Pd(llO), Phys. Rev. B 
64, 144410/1-5 (2001). 

L. Onsager, Crystal Statistics. I. A Two- Dimensional Model with an Order-Disorder Transition, Phys. Rev. 65, 117— 
149 (1944). 

S. T. Bramwell, P. C. W. Holdsworth, Magnetization and universal sub-critical behavior in two-dimensional XY magnets, 
J. Phys.: Cond. Mat. 5, L53 (1993). 

N. D. Mermin, H. Wagner, Absence of Ferromagnetism or Antiferromagnetism in One- or Two-Dimensional Isotropic 
Heisenberg Models, Phys. Rev. Lett. 17, 1133-1136 (1966). 

H. J. Elmers, G. Liu, U. Gradmann, Magnetometry of the ferromagnetic monolayer Fe(110) on W(110) coated with Ag, 
Phys. Rev. Lett. 63, 566-569 (1989). 

H. J. Elmers, J. Hauschild, H. Hoche, U. Gradmann, H. Bethge, D. Heuer, U. Kohler, Submonolayer Magnetism of Fe(110) 
on W(110): Finite Width Scaling of Stripes and Percolation between Islands, Phys. Rev. Lett. 73 (6), 989-901 (1994). 

J. de la Figuera, M. A. Huerta-Garnica, J. E. Prieto, C. Ocal, R. Miranda, Fabrication of magnetic quantum wires by 
step-flow growth of cobalt on copper surfaces, Appl. Phys. Lett. 66 (8), 1006-1008 (1985). 

J. Shen, R. Skomsky, M. Klaua, H. Jenniches, S. S. Manoharan, J. Jirschner, Magnetism in one dimension: Fe on Cu(lll), 
Phys. Rev. B 56 (5), 2340-2343 (1997). 

A. Dallmeyer, C. Carbone, W. Eberhardt, C. Pampuch, O. Rader, W. Gudat, P. Gambardella, K. Kern, Electronic states 
and magnetism of monoatomic Co and Cu wires, Phys. Rev. B 61 (8), R.5133— R5136 (2000). 

P. Gambardella, Magnetism in monatomic metal wires, J. Phys.: Cond. Mat. 15 (S2533-2546). 

G. A. T. Allan, Critical temperatures of Ising Lattice Films, Phys. Rev. B 1 (1), 352-357 (1970). 

P. Gambardella, A. Dallmeyer, K. Maiti, M. C. Malagoli, W. Eberhardt, K. Kern, C. Carbone, Ferromagnetism in 
one- dimensional monoatomic metal chains, Nature 416, 301-304 (2002). 

S. Rusponi, T. Cren, N. Weiss, M. Epple, L. Claude, P. Buluschek, H. Brune, The remarkable difference between surface 
and step atoms in the magnetic anisotropy of 2D nanostructures, Nat. Mater. 2, 546 (2003). 

N. Weiss, T. Cren, M. Epple, S. Rusponi, G. Baudot, V. Repain, S. Rousset, H. Brune, Magnetism of uniaxial ultra-high 
density Co superlattices on Au(788) In preparation. 

M. Bode, O. PlETZSCH, A. Kubetzka, RWiesendanger, Shape-Dependent Thermal Switching Behavior of Superparamagnetic 
Nanoislands, Phys. Rev. Lett. 92 (6), 067201/1-4 (2004). 

L. Neel, Influence des fluctuations thermiques sur I'aimantation de grains ferromagnetiques tres fins, C. R. Acad. Sci. 228, 
664-668 (1949). 

W. F. Brown, Jr., Thermal Fluctuations of a Single-Domain Particle, Phys. Rev. 130, 1677 (1963). 

R. W. Chantrell, N. Y. Ayoub, J. Popplewell, The low field susceptibility of a textured superparamagnetic system, J. 
Magn. Magn. Mater. 53, 199-207 (1985). 

O. Fruchart, P.-O. Jubert, C. Meyer, M. Klaua, J. Barthel, J. Kirschner, Vertical self-organization of epitaxial magnetic 
nanostructures, J. Magn. Magn. Mater. 239, 224-227 (2002). 

P. Gambardella, S. Rusponi, T. Cren, H. Brune, Magnetic anisotropy from single atoms to large monodomain islands on 
a metal surface, C R. Physique 6 (1), 75-87 (2005). 

W. F. Brown Jr., Magnetostatic principles in Ferromagnetism, North-Holland, Amsterdam, 1962. 

T. S. MOON, R. T. Merrill, Nucleation theory and domain states in multidomain magnetic material, Phys. Earth Planet. 
Interiors 37, 214222 (1985). 

S. PADOVANI, I. Chado, F. Scheurer, J. -P. BuCHER, Transition from zero-dimensional superparamagnetism to two- 
dimensional ferromagnetism of Co clusters on Au(lll), Phys. Rev. B 59 (18), 11887—11891 (1999). 

M. Bode, Spin-polarized scanning tunnelling microscopy, Rev. Prog. Phys. 66, 523-582 (2003). 

W. Wernsdorfer, Classical and Quantum Magnetization Reversal Studies in Nanometer-Sized Particles and Clusters, in: 

I. Prigogine, S. A. Rice (Eds.), Advances in Chemical Physics, Vol. 118, Wiley, 2001, pp. 99-190. 

L. Neel, Anisotropic magnetique superficielle et surstructures d' orientation, J. Phys. Rad. 15, 225-239 (1954). 

U. Gradmann, J. Muller, Flat ferromagnetic exitaxial J l 8Ni/52Fe(lll) films of few atomic layers, Phys. Stat. Sol. 27, 
313 (1968). 

In most cases both true Neel-type and bulk magneto-elastic anisotropy contribute to this enhancement, which we will 
not discuss here. The resulting anisotropy will be abusively called surface anisotropy in this manuscript. 

P. Bruno, Tight-binding approach to the orbital magnetic moment and magnetocrystalline anisotropy of transition-metal 
monolayers, Phys. Rev. B 39, 865-868 (1989). 



11 



[61] D. Weller, J. Stohr, R. Nakajima, A. Carl, M. G. Samant, C. Chappert, R. Megy, P. Beauvillain, P. Veillet, G. A. Held, 
Microscopic origin of magnetic anisotropy in Au/Co/Au probed with X-ray magnetic circular dichroism, Phys. Rev. Lett. 
75 (20), 3753-3755 (1995). 

[62] J. Stohr, Exploring the microscopic origin of magnetic anisotropics with X-ray magnetic circular dichroism (XMCD) 
spectroscopy, J. Magn. Magn. Mater. 200, 470-497 (1999). 

[63] P. Gambardella, S. S. Dhesi, S. Gardonio, C. Grazioli, P. Ohresser, C. Carbone, Localized Magnetic States of Fe, Co, and 
Ni Impurities on Alkali Metal Films, Phys. Rev. Lett. 88 (4), 047202-1-4 (2002). 

[64] P. Gambardella, S. Rusponi, M. Veronese, S. S. Dhesi, C. Grazioli, A. Dallmeyer, I. Cabria, R. Zeller, P. H. Dederichs, 
K. Kern, C. Carbone, H. Brune, Giant magnetic anisotropy of single cobalt atoms and nanoparticles, Science 300 (5622), 
1130-1133 (2003). 

[65] H. DijRR, S. Dhesi, E. Dudzik, D.Knabben, G. van der Laan, J. Goedkoop, F. Hillebrecht, Spin and orbital magnetization 
in self-assembled Co clusters on Au(lll), Phys. Rev. B 59 (2), R701-R704 (1999). 

[66] T. Koide, H. Miyauchi, J. Okamoto, T. Shidara, A. Fujimori, H. Fukutani, K. Amemiya, H. Takeshita, S. Yuasa, T. Katayama, 
Y. Suzuki, Direct Determination of Interfacial Magnetic Moments with a Magnetic Phase Transition in Co Nanoclusters 
on Au(lll), Phys. Rev. Lett. 87, 257201 (2001). 

[67] P. Ohresser, N. B. Brookes, S. Padovani, F. Scheurer, H. Bulou, Magnetism of small Fe clusters on Au(lll) studied by 
X-ray magnetic circular dichroism, Phys. Rev. B 64, 104429 (2001). 

[68] M. Albrecht, U. Gradmann, T. Furubayashi, W. A. Harrison, Magnetic moments in rough Fe surfaces, Europhys. Lett. 
20 (1), 65-70 (1992). 

[69] U. Gradmann, T. Durkop, H. J. Elmers, Magnetic moments and anisotropics in smooth and rough surfaces and interfaces, 
J. Magn. Magn. Mater. 165, 56-61 (1997). 

[70] P. Gambardella, A. Dallmeyer, K. Maiti, M. C. Malagoli, S. Rusponi, P. Ohresser, W. Eberhardt, C. Carbone, K. Kern, 
Oscillatory magnetic anisotropy in one- dimensional atomic wires, Phys. Rev. Lett. 93 (7), 077203-1/4 (2004). 

[71] M. Kawamura, N. Paul, V. Cherepanov, B. VoiGTLANDER, Nanowires and nanorings at the atomic level, Phys. Rev. Lett. 
91 (9), 096102-1/4 (2004). 

[72] E. D. Tober, R. F. C. Farrow, R. F. Marks, G. Witte, K. Kalki, D. D. Chambliss, Self-Assembled Lateral Multilayers from 
Thin Film Alloys of Immiscible Metals, Phys. Rev. Lett. 81 (9). 

[73] E. D. Tober, R. F. Marks, D. D. Chambliss, K. P. Roche, M. F. Toney, A. J. Kellock, R. F. C. Farrow, Magnetoresistance 
of self-assembled lateral multilayers, Appl. Phys. Lett. 77 (17), 2728-2730 (2000). 

[74] S. Sun, C. B. Murray, D. Weller, L. Folks, A. Moser, Monodisperse FePt Nanoparticles and Ferromagnetic FcPt 
Nanocrystal Superlattices, Science 287, 1989-1992 (2000). 

[75] W. Wulfhekel, F. ZAVALICHE, F. Porrati, H. P. Oepen, J. Kirschner, Nano-patterning of magnetic anisotropy by controlled 
strain relief, Europhys. Lett. 49, 651-657 (2000). 

[76] W. Wulfhekel, F. Zavaliche, R.. Hertel, S. Bodea, G. Steierl, G. Liu, J. Kirschner, H. P. Oepen, Growth and magnetism 
of Fe nanostructures on W(001), Phys. Rev. B 68, 144416/1-9 (2003). 

[77] A. Wachowiak, J. Wiebe, M. Bode, O. Pietzsch, M. Morgenstern, R. Wiesendanger, Direct Observation of Internal Spin 
Structure of Magnetic Vortex Cores, Science 298, 577-580 (2002). 

[78] A. Hubert, R.. Schafer, Magnetic domains. The analysis of magnetic microstructurcs, Springer, Berlin, 1999. 

[79] O. Pietzsch, A. Kubetzka, M. Bode, R.. Wiesendanger, Spin- Polarized Scanning Tunneling Spectroscopy of Nanoscale Cobalt 
Islands on Cu(lll), Phys. Rev. Lett. 92 (5), 057202-4 (2004). 

[80] P. O. Jubert, J. C. Toussaint, O. Fruchart, C. Meyer, Y. Samson, Flux-closure-domain states and demagnetizing energy 
determination in sub-micron size magnetic dots, Europhys. Lett. 63 (1), 135—141 (2003). 

[81] T. Shinjo, T. Okuno, R. Hassdorf, K. Shigeto, T. Ono, Magnetic vortex core observation in circular dots of permalloy, 
Science 289, 930 (2000). 

[82] P. Bruno, Geometrically Constrained Magnetic Wall, Phys. Rev. Lett. 83 (12), 2425 (1999). 

[83] O. Pietzsch, A. Kubetzka, M. Bode, R.. Wiesendanger, Real-Space Observation of Dipolar Antiferromagnetism in Magnetic 
Nanowires by Spin- Polarized Scanning Tunneling Spectroscopy, Phys. Rev. Lett. 84 (22), 5212-5215 (2000). 

[84] H. R. HlLZINGER, H. Kronmuller, Analytical derivation of spin configuration and intrinsic coercive field of a narrow domain 
wall, Phys. Stat. Sol. (b) 59 (1), 71-77 (1973). 

[85] U. Gradmann, Magnetism in ultrathin transition metal films, in: K. H. J. Buschow (Ed.), Handbook of magnetic materials, 
Vol. 7, Elsevier Science Publishers B. V., North Holland, 1993, Ch. 1, pp. 1-96. 

[86] P.-O. Jubert, R. Allenspach, Analytical approach to the single-domain-to-vortex transition in small magnetic disks, Phys. 
Rev. B 70, 144402/1-5 (2004). 

[87] A. Yamasaki, W. Wulfhekel, R. Hertel, S. Suga, J. Kirschner, Direct Observation of the Single-Domain Limit of Fe 
Nanomagnets by Spin- Polarized Scanning Tunneling Spectroscopy, Phys. Rev. Lett. 91 (12), 127201/1—4 (2003). 



12 



[88] P.-O. Jubert, O. FRUCHART, C. Meyer, Self-assembled growth of facetted epitaxial Fe(llO) islands on Mo(llO), Phys. Rev. 
B 64, 115419 (2001). 

[89] M. Bode, A. Wachowiak, J. Wiebe, A. Kubetzka, M. Morgenstern, R. Wiesendanger, Thickness dependent magnetization 
states of Fe islands on W(110): from single domain to vortex and diamond patterns, Appl. Phys. Lett. 84 (6), 948— 
950 (2004). 

[90] H. F. Ding, A. K. Schmid, Dongqi Li, K. Yu Guslienko, S. D. Bader, Magnetic bi-stability of Co nanodots Submitted. 

[91] O. Fruchart, J. C. Toussaint, P.-O. Jubert, W. Wernsdorfer, R. Hertel, J. Kirschner, D. Mailly, Angular- dependence of 
magnetization switching for a multi-domain dot: experiment and simulation, Phys. Rev. B 70, 172409-1—4 (2004), brief 
Report. 

[92] M. Hehn, K. Ounadjela, J. P. Bucher, F. Rousseaux, D. Decanini, B. Bartenlian, C. Chappert, Nanoscale Magnetic Domains 
in Mesoscopic Magnets, Science 272, 1782-1785 (1996). 

[93] W. Rave, K. Fabian, A. Hubert, Magnetic states of small cubic particles with uniaxial anisotropy, J. Magn. Magn. Mater. 
190, 332-348 (1998). 

[94] O. Fruchart, R. Hertel, S. Cherifi, P.-O. Jubert, A. Looatelli, S. Heun In preparation. 

[95] O. Fruchart, M. Eleoui, J. Vogel, P.-O. Jubert, A. Locatelli, A. Ballestrazzi, Nanometers-thick self-organized Fe stripes: 
bridging the gap between surfaces and magnetic materials, Appl. Phys. Lett. 84 (8), 1335—1337 (2004). 

[96] G. Springholz, Three- Dimensional Stacking of Self- Assembled Quantum Dots in Multilayer Structures, C. R. Physique 
6 (1), 89-103 (2005). 

[97] O. Fruchart, M. Klaua, J. Barthel, J. Kirschner, Self- organized growth of nano sized vertical magnetic pillars on Au(lll), 
Phys. Rev. Lett. 83 (14), 2769-2772 (1999). 

[98] O. Fruchart, M. Klaua, J. Barthel, J. Kirschner, Growth of self-organized nanosized Co pillars in Au(lll) using an 
alternating deposition process, Appl. Surf. Sci. 162-163, 529—536 (2000). 

[99] S. Cherifi, C. Boeglin, S. Stanescu, J. P. Deville, C. Mocuta, H. Magnan, P. Le Fevre, P. Ohresser, N. B. Brookes, Step- 
induced in-plane orbital anisotropy in FeNi films on Cu(lll) probed by magnetic circular x-ray dichroism, Phys. Rev. B 
64, 184405 (2001). 

[100] S. Pokrant, O. Fruchart, C. Meyer, L. Ortega, Growth of Tb(0001) on Nb and Mo(110) surfaces, B506, 235-242 (2002). 

[101] A. Encinas, F. Nguyen Van Dau, A. Schuhl, F. Montaigne, M. Sussiau, P. Galtier, Properties of spin-valve structures 
deposited on step-bunched vicinal surfaces, J. Magn. Magn. Mater. 198-199, 15-17 (1999). 

[102] S. Rousset, V. Repain, G. Baudot, H. Ellmer, Y. Garreau, V. Etgens, J. M. Berroir, B. Croset, M. Sotto, P. Zeppenfeld, 
J. Ferre, J. P. Jamet, , C. Chappert, J. Lecoeur, Self-ordering on crystal surfaces: fundamentals and applications, Mater. 
Sci. Engrg. B 96, 169-177 (2002). 

[103] R. Moroni, D. Sekiba, F. Buatier de Mongeot, G. Gonella, C. Boragno, L. Mattera, U.Valbusa, Uniaxial Magnetic 
Anisotropy in Nano structured Co/Cu(001): From Surface Ripples to Nanowires, Phys. Rev. Lett. 91 (16), 167207/1- 
4 (2003). 

[104] C. Teichert, Self-organization of nanostructures in semiconductor heteroepitaxy, Phys. Rep. 365, 335-432 (2002). 

[105] A. Westphalen, H. Zabel, K. Theis-Brohl, Magnetic nanowires on faceted sapphire surfaces, Thin Solid Films 449, 207- 
214 (2004). 

[106] B. Borca, C. Meyer, O. Fruchart Unpublished data. 

[107] A. Klein, A. Schmidt, L. Hammer, K. Heinz, Lateral nanoscale Fe-Ir superlattices on Ir(100), Europhys. Lett. 65 (6), 830- 
836 (2004). 

[108] M. Albrecht, M. Maret, A. Maier, F. Treubel, B. Riedlinger, U. Mazur, G. Schatz, S. Anders, Perpendicular magnetic 
anisotropy in CoPt3(lll) films grown on a low energy surface at room temperature, J. Appl. Phys. 91 (10), 8153-8155 (2002). 

[109] J. C. JlANGA, E. I. Meletis, K. I. Gnanasekar, Self-organized, ordered array of coherent orthogonal column nanostructures 
in epitaxial Lao. 8 Sro.2Mn0 3 thin films, Appl. Phys. Lett. 80 (25), 4831 (2002). 

[110] V. Repain, G. Baudot, H. Ellmer, S. Rousset, Ordered growth of cobalt nanostructures on a Au(lll) vicinal surface: 
nucleation mechanisms and temperature behavior, Mater. Sci. Engrg. B 96, 178—187 (2002). 

[Ill] J. Eymery, G. BiasiOL, E. Kapon, T. Ogino, Nanometric artificial structuration of semiconductor surfaces for crystalline 
growth, C. R. Physique 6 (1), 105-116 (2005). 

[112] C. Yu, D. Li, J. Pearson, S. D. Bader, Alignment of self-assembled magnetic nanostructures: Co dot chains and stripes on 
grooved Ru(0001), Appl. Phys. Lett. 79 (23), 3848 (2001). 



13 



